ABSTRACT: Tendon's primary function is a mechanical link between muscle and bone. The hierarchical structure of tendon and specific compositional constituents are believed to be critical for proper mechanical function. With increased appreciation for tendon importance and the development of various technological advances, this review paper summarizes recent experimental approaches that have been used to study multiscale tendon mechanics, includes an overview of studies that have evaluated the role of specific tissue constituents, and also proposes challenges/opportunities facing tendon study. Tendon has been demonstrated to have specific structural characteristics (e.g., multi-level hierarchy, crimp pattern, helix) and complex mechanical properties (e.g., non-linearity, anisotropy, viscoelasticity). Physical mechanisms including uncrimping, fiber sliding, and collagen reorganization have been shown to govern tendon mechanical responses under both static and dynamic loading. Several tendon constituents with relatively small quantities have been suggested to play a role in its mechanics, although some results are conflicting. Further research should be performed to understand the interplay and communication of tendon mechanical properties across levels of the hierarchical structure, and further show how each of these components contribute to tendon mechanics. The studies summarized and discussed in this review have helped elucidate important aspects of multiscale tendon mechanics, which is a prerequisite for analyzing stress/strain transfer between multiple scales and identifying key principles of mechanotransduction. This information could further facilitate interpreting the functional diversity of tendons from different species, different locations, and even different developmental stages, and then better understand and identify fundamental concepts related to tendon degeneration, disease, and healing. ß
The principal function of tendon is to transmit musclegenerated force to bone and facilitate joint movement, which requires specific tissue constituents and a complicated hierarchical structure, capitulated diagrammatically in the literature (Fig. 1) .
1-4 Tendon degeneration or injury-caused by aging, overuse, laceration, or interactions with neighboring anatomy-can lead to altered structural and/or compositional properties. 5 A proper understanding of tendon mechanical properties in physiological loading environments and correlation of mechanics with structural/compositional properties may help prevent tendon injury, detect early stage degeneration, adopt appropriate therapies, and/or optimize design of customized tissue replacements.
Since tendon has a highly ordered multiscale fibrillar structure, spanning from molecular to tissue scales, evaluation of tendon mechanics should be conducted at each hierarchical scale, at the links among different length scales, and also across adjacent length scales (Fig. 1) . 1, 6 Both experimental and computational approaches have been employed to determine and predict tendon anisotropic, inhomogeneous, and viscoelastic properties under different loading scenarios at a single scale. 7 This review focuses on studies that have evaluated tendon structural and compositional features at different length scales via experimental techniques, and conclusions regarding the contributions of these features to tendon mechanics.
CONTRIBUTION OF TENDON STRUCTURE TO MECHANICS
In this section, we summarize previous work starting at smaller length scales of tendon hierarchy and working up to full tissue. The smallest levels of structural organization of connective tissues are relevant to overall mechanical function; for example, on the molecular scale, the staggered array of collagen and its viscoelastic mechanical properties have been evaluated using atomistic modeling. [8] [9] [10] However, since collagen is the predominant protein in all soft connective tissues and is not specific to tendons, collagen mechanical characteristics on the molecular scale are not covered in this review. Instead, the sections below discuss experimental studies that have evaluated the fibril, fiber, fascicle, and tissue levels of tendon structural hierarchy.
Fibril Scale
Collagen fibrils (diameter ranging from 20 to 500 nm) ( Fig. 1) , which are assembled by microfibrils (3.5 nm diameter), have been shown to contribute significantly to tendon mechanics.
3,4,11-13 A combination of transmission/scanning electron microscopy (TEM/SEM), atomic force microscopy (AFM), polarized Raman spectroscopy, and X-ray diffractometry have been employed to directly visualize fibril structure, address the linking/interaction of fibrils with surrounding fibrils, and/or calculate fibril strain under loading (Table 1) .
10,14-25 SEM/TEM shows D-period as alternative gap and overlap regions in images; D-period is often taken to calculate microscale deformation ( Fig. 2A) . 3, 23, [26] [27] [28] [29] Besides visualizing deformation, AFM has the high-throughput capabilities to dynamically generate maps of fibril mechanical properties such as elastic modulus and dissipated energy with high spatial resolution. 18, 19, 22, [30] [31] [32] Another technique, namely polarized Raman spectroscopy, was used to measure the orientation of molecular structure and fibril reorganization of tendon fascicles loaded in tension.
14,15 X-ray diffractometry, as well, was utilized to show that intra-fibril shearing during both creep and stress relaxation tests is a structural contributor to tendon multi-level behavior. 10, 16, 17, 24 These imaging techniques have succeeded in monitoring tendon nanoscale deformation caused by several different loading scenarios. One limitation of these techniques is that the required testing environments cannot mimic relevant in vivo physiological loading environments, especially with respect to hydration state and temperature. Furthermore, it is necessary to strengthen the crosstalk between different techniques by comparing reported measurements of similar parameters so that results/conclusions of various studies derived from these techniques can be combined and integrated.
Fiber Scale
On the fiber level, tendon structural characteristics, such as helical twist and crimp, have been visualized using imaging techniques, including polarized light, interference, and phase contrast microscopy (Table 1) . 7, 18, 19 The proposed biomechanical implications of these specific structural features have been examined in a number of studies, utilizing confocal/ multi-photon/second harmonic generation (SHG) microscopy and quantitative polarized light imaging (QPLI , Table 1) . 7, 16, 18, [20] [21] [22] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Confocal microscopy has been adopted to identify how unique helical feature of tendons from different anatomical locations govern specific mechanical properties (Fig. 2B) . Superficial digital flexor tendon (SDFT), which functions in limb positioning and energy storing, was found to exhibit greater rotation and less sliding of collagen fibers during stress relaxation, compared to positional common digital extensor tendon (CDET).
20 Different mechanical responses between these two tendons in tension may be due to greater helical pitch angle in SDFT than CDET.
20
Supporting these experimental results, micromechanical computational models incorporating fibril helical patterns were able to characterize stress-strain behavior under static loading and predicted that smaller helical angles contributed to less stiffness and smaller Poisson's ratio. [41] [42] [43] However, it is still under examination how the helical structure would be altered, such as the decrease or disappearance of helical angle, 166 ). (B) A measure of microscale fiber sliding, termed between rows rotation, increased with increasing applied shear strain, while images taken via multi-photon microscopy showed fiber sliding during shear stress relaxation testing (white arrows denote photobleached lines broken due to fiber sliding; adapted, with permission, from Fang et al. ). (D) Circular variance values demonstrating increased fiber alignment during ramp to failure tensile testing, and fiber alignment maps and histograms calculated from polarizedlight images (adapted, with permission, from Lake et al.
22
).
EXPERIMENTAL MULTISCALE TENDON MECHANICS
under different loading scenarios. 44 Crimp of collagen fibers has been reported to resemble smooth sine waves or triangles with different lengths and widths in SEM and histological images, while also exhibiting the appearance of alternative dark and light transverse bands in images of linear/circular QPLI and optical coherence tomography ( Fig. 2C and D) . 35 Collagen crimp has been proposed to contribute to strainstress non-linearity by stretching as a result of small tensile forces at low strains, and function as something of a shock absorber. 35, 45 Another hypothesis is that the recoil or crimp of collagen fibers is potentially maintained by elastic fibers, which have been observed within the hierarchical tendon structure. 43, [46] [47] [48] [49] Sliding, another deformation mechanism that contributes to strain attenuation from tissue to micron scales, is distinctly observed in microscopic images of tendon after the application of stain (Fig. 2B) .
7,20,30-32,39,40,44,50 From a structural perspective, organizational maps demonstrated that tendon was composed of discontinuous collagen fibrils, making possible rigid displacement such as fibril realignment and sliding.
51 From a functional perspective, sliding could act as a force damper to prevent overloading, help endow tendons with viscoelasticity, and/or modulate force/strain transfer to maintain a homeostatic environment for compositional remodeling and mechanotransduction.
2,52 Future work should address how fiber stretch and sliding between collagen fibers coordinate and function together as tendon microstructural response to applied strain and stress. Fiber reorganization has also been suggested to contribute to tendon nonlinear mechanical properties (Fig. 2D) . 21, 22 Although fiber alignment in tendon did not significantly change during stress relaxation testing, 38 fiber realignment along the loading direction increased dramatically in the toe region of the stress-strain curve to failure 21, 22 and linear region modulus was shown to positively correlate with the degree of fiber alignment. 21 Other factors, such as tendon age, loading protocol, disease, and injury, which alter fiber alignment on the microscale, collectively influence mechanical behavior in tension. 37, [53] [54] [55] [56] In terms of non-tensile multiaxial loading, fiber uncrimping, sliding, and reorganization in tendon were found to collaboratively regulate mechanical behavior as evaluated using multi-photon microscopy.
7,57,58 The response to loading (e.g., uncrimping, sliding, and reorganization) was particularly applicable to some tendons (i.e., deep digital flexor tendon, supraspinatus tendon), which experience physiological multiaxial loading scenarios through interactions with other musculoskeletal components (e.g., bone, ligament).
7,59, 60 Our work showed that sliding between collagen fibers primarily regulated the mechanical response of distal and proximal regions from deep digital flexor tendon (DDFT) subjected to shear loading. 7 Different from the response to shear, DDFT showed both fiber realignment and sliding as physical mechanisms governing the mechanical response in compression.
7
Due to the development and availability of various techniques to evaluate tendon mechanics at the fiber level, previous studies have thoroughly examined tendon features at the microscale, their contributions to tendon responses, and related physical mechanisms under different loading conditions. This information is fundamental for interpreting how tendon stress/loading is passed down from tissue to fiber scales.
Fascicle/Tissue Scale Fascicles, assembled by multiple collagen fibers and encompassed by a soft connective layer called the interfascicular matrix (IFM)/endotenon, are then grouped together to comprise full tendon tissue (Fig. 1) . Using laser-capture microdissection and mass spectrometry, the IFM was shown to have greater variety and amounts of protein fragments compared to the fascicles themselves. 61 Different constituents between matrix phases, indicative of tendon heterogeneity, could lead to different mechanical properties when comparing measurements at the fascicle and tendon levels due to shear stress transfer and altered stress distribution to decrease failure.
52, [61] [62] [63] Furthermore, recent comparison between mechanical behaviors of fascicles from different tendon types suggested that the IFM potentially played a key role in tendon mechanics on the fascicular/tissue level by facilitating sliding between collagen fibers, protecting chondrocytes inside IFM from overload, and attributing to tendon viscoelasticity. 33, [62] [63] [64] Several questions, such as a full understanding of the IFM composition/ structure of tendon from different anatomical locations, its contribution to more nuanced tendon mechanics (e.g., viscoelasticity), and its specific attribution to force/strain transfer among multiple length scales, need to be addressed further.
On the tissue level, tendons have been tested in vitro under multiaxial loading conditions (i.e., tension, compression, shear) and their mechanical properties have been shown to vary between individuals, across different anatomical locations, and even within specific regions. [65] [66] [67] [68] [69] For example, our work has shown that the distal region of bovine DDFT exhibited greater shear and compressive stresses than the corresponding proximal region.
57,70 Such region-specific tendon mechanics were correlated with differences in structure and composition, which are likely due to different physiological loading scenarios in vivo.
57, 71 Although tendons are composed of relatively highly-organized collagen fibers, they often possess microscale heterogeneity and anisotropy, indicated by varying values of mechanical parameters in different loading locations and directions. 72 While beneficial for evaluating tendon mechanics, in vitro measurements of mechanical behavior cannot fully replicate the in vivo physiological loading environment. 50 To overcome such limitations, ultrasound elastography and magnetic resonance imaging (MRI) have been used to evaluate in vivo tendon mechanics. Combined with digital image correlation and/or acoustic markers, these imaging techniques have been used to quantify mechanical strength, viscoelastic properties, and deformation at different joint positions for monitoring injury or rehabilitation after surgical reconstruction. [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] These in vivo measurement techniques also enable examination of the effect of age, loading pattern (i.e., dorsiflexion, eccentric loading, passive stretch, walking), and loading rate on region-specific responses. [76] [77] [78] [79] [80] 83, 85 However, some challenges remain that limit the ability to extract information of tendon strength via MRI and correlate quantitative values with measures of tendon structure. In the future, comparison and correlation of data from advanced techniques using ultrasound elastography and MRI could complement understanding of tendon tissue-scale mechanics.
Taken together, a variety of techniques have enabled evaluation of mechanics at the fibril, fiber, fascicle, and tendon scales, which have elucidated a number of structurally relevant mechanisms that contribute to tendon mechanical responses. Features (i.e., crimp pattern, helical structure) and modes of microscale deformation (i.e., sliding, reorganization) contribute to typical stress responses under static and cyclic loading. Additional work should be undertaken to combine experimental studies at different length scales, especially including experiments that extend down to (and incorporate) the level of cells, and build appropriate settings to track microscale tendon responses under in vivo loading conditions.
CONTRIBUTION OF SPECIFIC CONSTITUENTS TO MECHANICS
Collagen I, the primary structural protein of tendon, is acknowledged as the fundamental element responsible for force transmission in connective tissues.
2 At the nanoscale, collagen crosslinks bridge adjacent collagen fibrils. 86, 87 However, several other tissue constituents, such as proteoglycans, elastin, and tenascin-C, have also been localized in tendon using a variety of biological techniques including histology, immunohistochemistry, and biochemical assays (Table 1) , and their mechanical roles have attracted more attention recently. 47, 70, [88] [89] [90] [91] This section will focus on the determination of the immediate/indirect interplay between tendon mechanical behavior and these tissue constituents.
Collagen Crosslinks
Collagen crosslinks have been shown to quarterly stagger collagen end by end, thus help stabilize tendon structure and contribute to nanoscale mechanical strength. 86, 87, 92 These collagen crosslinks have been localized inside, as well as between, collagen microfibrils. 93 Previous studies indicate that types and amounts of collagen crosslinks depend on the degree of hydroxylation and maturation. 94, 95 To evaluate the contribution of enzymatic collagen crosslinks to mechanical properties at different length scales, a few studies have performed in vivo or in vitro biomechanical testing on tendons with altered amounts of crosslinks and evaluated crosslink quantities by high performance liquid chromatography (HPLC , Table 1). 10,50,87 On both the fibril and tissue levels, crosslink-deficient tendon fibrils and whole tendons showed dramatically reduced fracture stresses or elastic modulus, compared to normal ones. 10, 86, 92, 96, 97 However, conflicting findings from other studies, which showed that tendons with higher concentration of mature collagen crosslinks had similar or deteriorated mechanics than those with lower concentration, make it difficult to clearly determine the mechanical function of enzymatic collagen crosslinks. 98, 99 Additionally, the content and distribution of enzymatic crosslinks in tissues vary and are altered by locations and health conditions, [100] [101] [102] which further complicates the determination of the role of specific crosslinks in multilevel tendon mechanics. Non-enzymatic collagen crosslinks, in the form of advanced glycation end products such as pentosidine, are often created by glycation related to aging and diabetes. [103] [104] [105] Therefore, the influence of non-enzymatic collagen crosslinks in tendon mechanical behavior was evaluated in sugar-treated and diabetic tendons. [103] [104] [105] On the tissue scale, tendons with increased pentosidine consistently exhibited higher mechanical parameters (i.e., maximum load, toughness, failure modulus, and yield energy), and less stress relaxation compared to native tendons. [106] [107] [108] Interestingly, non-enzymatic crosslinks did not continue to influence tendon mechanics on the microscale. 109 Conclusively, these findings illustrate that both enzymatic and non-enzymatic collagen crosslinks may play a role in tendon mechanics. However, more carefully designed and controlled studies, especially at different length scales, need to be performed to address contradictory results, and explore how the alteration of crosslink amounts on the nanoscale can change mechanical properties on the tissue level.
Proteoglycans Proteoglycans (PGs, e.g., decorin, biglycan, fibromodulin, lumican, aggrecan, versican), composed of a core protein and covalently attached glycosaminoglycans (GAGs), are dispersed throughout the tendon hierarchy, including in intra-fascicle and inter-fascicle locations (Fig. 3) . 110, 111 The distribution and density of PGs differ between tendon types and maturity level. 112, 113 From the physiological aspect, PGs serve several functions including to constitute extracellular matrix, modulate collagen fibril diameter during fibrillogenesis, and cooperate with growth factors to regulate cell proliferation. 88 Although tendons typically only contain PGs at about 1-5% dry weight, PGs are thought to contribute to tendon physiology and biomechanical function. 88 An early hypothesis suggested that the core protein of PGs bound to collagen fibrils to form interfibrillar bridges and aided in strain transfer between discontinuous collagen fibrils. 114, 115 In support of this, mature tendons exhibited higher failure stresses than immature tendons with less PGs. 111, 116 In our recent work, the distal region of bovine DDFT, which contains higher PG content, showed greater shear stresses than the proximal region with lower PG content. 7, 43, 57 Additionally, a multi-fibril model, which incorporated a chondroitin-6-sulphate side chain to mimic discontinuous fibril assembly in mature tendons, showed consistent failure stresses and elastic modulus with experimental data. 43, 117 However, other theoretical models and experiment results question this hypothesis. One molecular model composed of type I collagen molecules and decorin core proteins illustrated that the attained binding force was too weak to facilitate force support. 118 Experimental data have also shown that enzymatic depletion of GAGs from tendon fascicles did not significantly change tendon modulus, relative energy dissipation, peak stresses or peak strains, thereby demonstrating no influence of GAGs on tendon mechanical behavior under tensile loading. [119] [120] [121] [122] To address these conflicting modeling and experimental results, a modified shear lag model identified a characteristic length scale relative to GAG spacing and geometry. 114 Using this model, tendon mechanical properties were suggested not to change after GAG deletion if fibril length was ), elastin (stained cyan) from human SST (ellipses denoting nuclei), collagen II (stained brown) from mouse Achilles tendon (adapted, with permission, from Bell et al. 143 ), collagen III (marked by arrows, also stained purple), lubricin (stained purple) from equine SDFT (adapted from Thorpe et al. 110 ), and COMP (stained brown) from equine SDFT (adapted, with permission, from Sodersen et al. 142 ).
significantly larger than the characteristic length scale. 114 As another approach to evaluate the mechanical role of PGs, Achilles tendons from decorinnull, biglycan-null, and heterozygote mice showed inferior mechanical properties in tension compared to tendons from wildtype mice. 123 However, patellar tendons from biglycan-heterozygote and biglycan-null mice exhibited increased viscoelasticity, but similar elastic and compressive properties compared to wild type. 124 These inconsistent reports imply that the role of PGs likely depends on tendon location, loading types, and even ages. 125 Furthermore, recent reports showed that tendons with specific PGs knocked-out (i.e., decorin, biglycan) exhibited altered collagen content and fibril diameters. 126 Interestingly, the lack of specific PG in the knock-out model could be substituted by the more expression of other kinds of PGs so that tendon mechanical properties remained unchanged. 88, 126 Therefore, it should be taken into consideration whether/how enzymatic depletion or genetic alteration of PGs influences the structure and concentration of collagen fibers or even modulates the amount of water or other tissue components present in tendon.
Elastin
Elastin is formed by multiple monomeric soluble precursor tropoelastins through lysyl oxidase catalyzed crosslinks and occupies 1-3% dry mass in tendon (Fig. 3) . 47, 127 Elastic fibers are formed by elastin deposited within and around assembled microfibrils, which are comprised of several proteins including fibrillin. 48, 128, 129 Using immunochemistry, two studies illustrated that elastic fibers in tendon were dispersed between fascicles and around tenocytes, travelling longitudinally along collagen fibers ( Table 1) . 47, 130, 131 Elastic fibers not only regulate cell adhesion, cell migration, and even cell signaling, such as modulating activity of TGFb, but also endow soft tissues (i.e., ligament, aorta, skin) with elastic recoil and resilience. 88, 132 To illustrate the mechanical role of elastin in ligaments and intervertebral discs, tensile, transverse tensile, and shear tests of elastin-depleted tissues showed decreased peak stresses and modulus, suggesting that elastin helps maintain multiaxial tissue integrity. 48, 49, 133, 134 Our work has shown that the mechanical properties of supraspinatus tendon (SST) were deteriorated both in human tendon after elastin depletion and in mouse tendon from elastinheterozygote. 46 All these results suggest that elastin within elastic fibers plays a mechanical role in maintaining tendon strength. Similar to PG studies, potential side effects of elastase treatment and elastin-related genetic modification (e.g., altered collagen structure, disrupted PG content, etc.) should be examined carefully. Further research is needed to understand the specific mechanisms governing how elastic fibers regulate tendon force support and transfer among different hierarchical levels of tendon.
Other Components With Small Amounts
In addition to these tissue constituents, tendons also contain varying amounts of other proteins, such as other collagens (e.g., types II, III, and V, etc.), lubricin, tenascin-C, and collagen oligomeric matrix protein (COMP), which may contribute mechanically (Fig. 3). 2,6, [135] [136] [137] [138] Interestingly, previous studies showed that fibrils formed by collagen types II and III, related with tendon healing, were smaller than these of collagen type I. 90, 135, 139, 140 Collagen type II content was higher near the insertion of human SST, which experiences more compressive loading compared to the midsubstance, and collagen type III content was inversely correlated with tendon tensile modulus and collagen alignment. 135, 141, 142 Mutations of collagen type V causes joint hypermobility in classic Ehlers-Danols syndrome, which motivates the evaluation of the contribution of collagen type V to tendon mechanics. 143 Tendons from conditional collagen V-null mice exhibited smaller linear stiffness and modulus values in static tensile loading, 136 which corresponded to fibrils with increased diameters, but decreased fibril numbers and less obvious crimp morphology, as well as abnormal fiber organization. 136, 144 A unique mucin-glycoprotein known as lubricin or proteoglycan 4, has also localized in soft connective tissues, such as cartilages, ligaments, menisci, intervertebral discs, and tendons. 145 It has been identified to be an essential part for cartilage lubrication and further cytoprotection, including preventing synovial fluid proteins from depositing onto cartilage and reducing chondrocyte apoptosis. 137, [145] [146] [147] [148] Particularly for tendons (i.e., flexor tendon, Achilles tendon) at anatomical locations where inter-or intra-tendinous shear forces occur, lubricin has been suggested to facilitate tendon gliding against surrounding tissues on the tissue scale and assist the relative movement between tendon fascicles on the microscale. 145, 149 Flexor tendons treated with lubricin showed lower gliding resistance and decreased adhesions than untreated tendons. [150] [151] [152] Both flexor tendons and tail tendon fascicles from lubricin-deficient mice exhibited similar Young's modulus, but decreased viscoelasticity and gliding resistance, compared to tissues from wildtype mice. 137, 149, 153 Tenascin-C, an anti-adhesive protein, was shown to be primarily expressed in the distal (compressed) region of flexor tendons and also expressed more in normal than unloaded tendons, suggesting that it could help tendon maintain fibrocartilaginous regions and provide support for loading. 89, 154, 155 Tenascin-C has also been associated with regulation of cell-matrix interactions and, subsequently, mediation of inflammatory and fibrotic processes to affect tissue during development, degeneration, and pathological processes. 128, 154, 156 COMP, a pentameric protein which binds to fibrillar collagen, has a limited distribution in tendon. 91 Besides the hypothesis that COMP regulated collagen fibrillogenesis, COMP content in horse tendons was positively correlated with tensile stress and stiffness in a skeletal maturity-dependent way. 91, 157 Thus far, evidence seems to suggest that tenascin-C and COMP are important for tendon function, but more work should evaluate whether they modify tendon properties directly or through altering collagen expression and modification.
In summary, different constituents that are present in small quantities in tendon have been examined to address their mechanical roles using approaches such as in vivo drug administration, in vitro enzyme treatment, and the use of genetically modified animal models. Although these approaches have some potential limitations, studies have shown that many of these constituents play a role in tendon formation, development, remodeling, and thereby affect tendon mechanical behavior. Because most of previous studies have evaluated their contribution on the tissue scale under tensile loading, additional studies should be conducted to comprehensively explore their roles across multiple scales under different loading conditions.
CHALLENGES/OPPORTUNITIES
Tendons are relatively well-organized soft tissues compared to cartilage, meniscus, and intervertebral disc. Due to its complex hierarchical structural organization, it is imperative to utilize multiscale experimental approaches to fully understand tendon mechanics. A number of studies have explored these properties at, and across, different length scales; however, in many cases the correlation/transfer of tendon mechanics among different length scales remains poorly understood.
There are also several factors that make it challenging to comprehensively understand mechanisms regulating multiscale tendon behavior and fully address structure-composition-function relationships. First, tendons from different species and different locations show distinct tissue sizes, shapes, and different functions (i.e., energy storing vs. positioning) at the tissue level, leading to variations in structural organization and compositional makeup. On one side, many previous studies evaluated tendon structure-function relationships with simplified model tissues (i.e., rat tail tendons), which have a number of advantages as an experimental system, but cannot accurately represent many of the unique features of clinically relevant human tendons. On the other side, experimental studies of as many tendons from different species and different locations as possible are beneficial for understanding tendon structure-function relationships, but are difficult to pursue due to time-and labor-limitations. Second, tendons at some anatomical locations have region-specific properties, causing structural and functional heterogeneity. Tendon region-specific properties also introduce challenges inherent in understanding interfaces (e.g., tendon-bone insertion and musculotendinous junction). To this end, a series of studies focusing on the tendon-bone insertion have been conducted using multiscale experimental techniques. [158] [159] [160] Further complicating the study of tendon, damage, injury, systemic diseases, and aging can also significantly affect tendon structure, composition, and function. These factors make it complicated to compare tendon mechanics across different developmental periods and even of tendons from the same species. Recently, a number of studies have contributed to microscopically correlate tendon fibrillar structure and specific tissue constituents with tendon mechanics under tensile loading. Such work will help delineate the relative impact of many unique factors mentioned above (i.e., anatomical location, species, degeneration/disease) on tendon mechanics.
The focus of most recent work has been on tendon mechanical behavior under in vitro tensile loading. However, tendons at different locations physically experience different types of loading (i.e., tension, compression, shear, torsion), various loading magnitudes, and different frequencies/rates. To fully interpret tendon physiological function, tendons also need to be tested experimentally in loading conditions which mimic in vivo loading scenarios. Besides creating more biomimetic experimental environment through advanced techniques, computational modeling approaches represent another viable and useful option. 43 Modeling techniques also have advantages in incorporating multiscale tendon evaluation under multiaxial loading scenarios. To make such modeling possible, combinations of various experimental testing technologies (Table 1) could facilitate the study of tendon from the in vivo tissue scale down to the microscale, and then provide test data to verify and validate computational models. Additionally, the study of tendon could take cues and insights from studies of other soft connective tissues to devise new means to resolve open questions. 31, 32, 161, 162 For example, the region-dependent distribution of collagen and proteoglycans in tendon could be examined using Fourier transform infrared spectroscopy (FTIR, Table 1), which has intriguing advantages over typical biochemical analysis and has been successful in studying cartilage. 161, 163, 164 Artificial tissue surrogates may also offer other benefits in enabling further study of structure-function relationships in soft tissues, including the analysis of tendon force transfer between different length scales and mechanotransduction. 
CONCLUSIONS
Previous work using a variety of different techniques has contributed enormously to elucidate tendon mechanics at the fibril, fiber, fascicle, and tissue scales. Tendon nano/microscale features (i.e., D-period, crimp, helix pattern) have been evaluated and correlated with mechanical behavior. Physical mechanisms including sliding, uncrimping, and fiber reorganization have been shown to govern tendon microscale response to applied loading. The roles of small quantity constituents in tendon mechanics have also been demonstrated, but further research is needed to address contradictory results from previous studies and fully confirm the nature of the contributions of these constituents. Due to tendon's complex hierarchical structure, research via experimental and computational approaches needs to incorporate different length scales, and can pursue studies to resolve issues regarding how force/strain transfer occurs across different length scales and determine what linking components facilitate this transfer. More understanding of tendon structure-composition-function relationships will offer tremendous opportunities to monitor tendon degeneration/injury, design biomimetic engineering tissues, and provide clues that will help in the analysis of other connective soft tissues. 
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